Commercially available field test kits for the determination of iodate in salt were tested to evaluate their performance and to devise improvements in their range and accuracy. Dropper tests based on the blue colour of the starch-iodine complex formed with iodine released by excess potassium iodide gave rapid qualitative indication of the presence of iodate. Because of the dark colour of the complex, the tests were found to be quantitative over only a limited range, typically 0 to 20 µg of iodine per gram of salt. We have developed methods for improving the reliability and colour reproducibility of these types of kits. Instructions for producing reliable kits of this type with improved colour reproducibility are presented. Improved qualitative tests in the range of 0 to 50 µg/g were obtained with a simple liquid-phase colourimetric system, based on the same chemistry. A field test kit was developed and tested in laboratories in India and Zimbabwe, as well as in our laboratory in Toronto. The test gave reproducible results, comparable to those of titration, with a typical standard deviation of ± 5 µg/g. The range of measurements can be extended to 100 µg/g by dilution. Instructions for preparing these kits are presented.
Introduction
Because the diet of more than half of the world's population contains less iodine than is required for developing and maintaining a healthy body, the iodine content of their diet must be supplemented with iodine to prevent iodine-deficiency disorders. Although the salt sup-plies of most industrialized nations have been iodized with potassium iodide for many years, during the past 20 years there has been a strong effort, led by the United Nations, to iodize all salt for human consumption [1] . It is hoped that by the turn of the century, severe forms of iodine-deficiency disorders will be eradicated through national salt-iodization programmes.
The dosage of iodine is important, because insufficiently high levels in the diet will have no noticeable benefit, whereas excessive doses are wasteful and may actually result in detrimental health effects. In the lowtechnology setting of most developing countries, it is important that simple, effective tests be available for the determination of fortifying agents. In most developing countries, iodine is added to salt in the form of potassium iodate rather than iodide, because iodate is not oxidized to form volatile free iodine.
PATH Canada contracted with our group to test approaches to rapid field testing of iodate in salt. Despite the superior resistance of iodate to oxidation, iodated salt tends to lose its iodine content over time, and therefore it is important to know the actual amount of iodine present [2, 3] . Accordingly, these methods were designed for use in the field, where they could extend the capability of national iodine-deficiency disorders programmes to verify the potency of iodized salt, both as means of quality control at the manufacturing level and for field monitoring of delivered levels.
Field test requirements
The development of an effective field test depends on a clear understanding of the field conditions and the requirements of the user in terms of the precision and accuracy of the test results. The tests for iodate in salt will be carried out by personnel with limited training, under conditions where laboratory services, utilities, or even simple supplies will not be readily available. As a result, all of the equipment and supplies for the test must be self-contained in a kit that does not require other utilities, such as electric power. Although Mention of the names of firms and commercial products does not imply endorsement by the United Nations University. it would be desirable to require no further component, we realized that better tests could be devised if we accepted the need for water. The field conditions require that the test kit be light, inexpensive, and easy to use. The test must give acceptable results rapidly, and the results must be readily interpreted.
The first step in developing a field test was the survey of the quantitative analytical systems that may be applied to the specific field conditions, sample matrix, and expected concentration range. This was followed by the laboratory testing of selected chemical systems. The laboratory identification of a feasible system must be followed up by the development of a test kit that meets the needs of the client group.
Iodate analysis
There are several standard analytical techniques for the quantitative determination of iodine present in the form of iodate. Iodate analysis is usually based on the reduction of iodate to elemental iodine, which is then determined by titrimetry or colourimetry. The acidulated iodate solution can be reduced by KI, KSCN, a cold aqueous solution of SO 2 , K 4 Fe(CN) 6 , Cu 2 Cl 2 , H 3 AsO 3 , or FeSO 4 to generate elemental iodine. The iodine may be determined colourimetrically directly or by formation of a coloured complex with starch or another reagent [4] .
Reduction of iodate to iodine by potassium iodide
The procedure is the reciprocal of the one for the determination of iodide by means of an iodate, also based on the reaction:
The reaction liberates iodine quantitatively, and the iodine-starch complex can form the basis of a quantitative or semiquantitative colourimetric correlation suitable for a field test [5, 6] .
Visualization of iodine
Starch indicator forms an intense blue-black colour with iodine. In aqueous solution, iodine has the tendency to react with excess iodide anions to form the triiodide ion I 3 according to the equation:
The triiodide ion can then react with another iodine molecule to form the linear pentaiodide anion:
This pentaiodide ion fits inside the helical β-amylose chain of starch. In the presence of excess iodide, iodine in concentrations as low as 0.2 µg/ml will result in the formation of the dark-blue starch-iodine complex. The intensity of the colour varies with the amount of free iodine and can form the basis of a quantitative colourimetric measurement over a narrow range of concentrations. The formation of this complex is reversible, and this is the basis for titrimetric methods. At the end of the titration that removes the iodine, the strong blue complex fades completely to colourless.
Currently available field tests
As the need for rapid field testing became known, a number of test kits were developed and distributed, either commercially or as a part of the national iodinedeficiency disorders strategies of several developing countries. All of the kits that we could obtain through cooperating offices of UNICEF and the International Council for the Control of Iodine-Deficiency Disorders ICCIDD (table 1) work by adding a few drops of a reagent onto the surface of the salt sample and visually comparing the colour developed with a calibration chart. The reagent typically consists of an acidic buffer, a reducing agent, which reduces the iodine in the KIO 3 to I 2 , and starch, which forms a deep blueblack complex with the released iodine. These kits are quite sensitive and readily produce a blue stain on the salt surface, indicating the presence of iodine. It was our understanding, through discussion with experts in the field, that the quantitative measurements made by currently available kits are inaccurate and irreproducible. We tested a large number of kits from several countries in an effort to evaluate their performance and to devise improvements to their range and accuracy.
More sophisticated and accurate test kits are available commercially [e.g., ref. 7]. However, these tests require either a high initial investment in a portable instrument or expensive supplies that make these tests unsuitable for use in developing countries.
Methods

Materials
Food-grade, un-iodized salt was obtained from Toronto Salt Chemical Co., Toronto. All other reagents were analytical grade, obtained from BDH Chemicals, Toronto.
Testing of commercial kits
Iodated salt samples with various levels of iodine were
Field tests for iodate prepared by weighing 1 to 3 kg of salt into a laboratory ribbon blender (LeRoy-Somer, Montreal, PQ) and slowly adding the calculated amount of potassium iodate as a 30 g/L aqueous solution, while blending. After the addition of iodate, the mixture was further blended until dry, to obtain a homogeneous, free-flowing solid. These blends were analysed by titration method AOAC 33.147 [6] and neutron activation analysis, using the SLOWPOKE nuclear reactor facility of the University of Toronto [8] .
Samples of the analysed salt were spread out in a 5-to 8-mm-thick layer in a petri dish, and their iodine content was measured with the commercially available rapid field test kits, by dropping 2 to 10 drops onto the salt surface, producing wet spots of about 10 mm in diameter. The colour of the spots was compared with those in the colour chart provided with the kit to give the iodine content.
Testing of improved kits
Inter-laboratory tests were conducted on the test kit developed in our laboratory. Test kits were prepared in Toronto and sent to the participating laboratories, together with a series of pre-analysed salt samples and instructions for making up a fresh kit. The salt samples were analysed in Toronto using both the kits and the standard laboratory analytical technique.
The participating laboratories analysed the salt samples with their standard laboratory technique, the kit sent from Toronto, and a fresh kit made in situ. They also made up a series of iodated salt samples using local, unpurified salt, and analysed them as described above. Some of the salt was also sent to Toronto, where it was also analysed using both the improved kits and the standard laboratory techniques.
Discussion of results
Commercial test kits
The commercial kits tested are listed in table 1. All but one of these kits used the reaction with potassium iodide and starch for colour development. Initially we believed that the reported reproducibility problem might be due to the variability in the starch supply. If the amylose/ amylopectin ratio changed, the colour of the iodinestarch complex would be shifted from the reddish colour of amylopectin to the blue of β-amylose. The problem has turned out to be more substantial.
Actually, at the low pH of these kits (typically pH 2.6), salt with more than 15 or 20 ppm iodine will produce a dark-blue colour, with no further visibly noticeable darkening due to higher concentrations. Thus, concentrations of 15 ppm and higher all give the same dark colour. The deep colour is due to the fact that one molecule of iodate reacts with five molecules of potassium iodide, liberating three molecules of elemental iodine. Thus, the elemental iodine is present at six times the concentration originally in the sample.
One way to overcome this problem is to dilute the salt 1:10 using a similarly coloured material. Iodinefree salt, sand, or flour would be suitable. Unfortunately, solid dilution is difficult to perform evenly and makes the kit bulky, since 10 to 20 g of inert material must be carried for each test.
The kit we were sent from China used a reaction of iodate with an organic dye for colour development. Nevertheless, this kit also saturated at levels as low as 10 µg iodine/g salt. Since we only received one small, old kit, this result may not be representative.
An additional problem was the colour charts supplied with these kits. Rather than colour samples representative of the granular, irregular surface of actual samples, the charts show clear, homogeneously coloured discs, which are not easily related to the actual appearance of the salt. We followed three approaches to producing an improved field test system: we tried to improve the currently used iodide-based dropper test, developed tests based on liquid-phase colour development, and developed a crude microtitration method.
Improvement to existing field tests
As indicated above, the kits now manufactured for determining iodate in salt in the 50 µg/g concentration range are based on the development of the starchiodine complex and visual comparison of the colour obtained with printed standards. These tests worked well qualitatively, but they produced inconsistent colours and the depth of colour saturated at a low level, so that values above 20 µg/g were not readily distinguished.
On the basis of our laboratory experience and theoretical considerations, it is possible that the colour variations are also influenced by the composition of the starch indicator. The deep-blue colour of starch solutions containing iodine is believed to arise from the absorption of iodine into the helical chain of β-amylose, a macromolecular component of most starches. The closely related α-amylose forms a red adduct with iodine, whereas amylopectin produces a blue colour with a different absorption maximum. Thus iodine complexes with α-amylose, β-amylose, and amylopectin all have different absorption spectra and different colour intensities. As a result, it is critical that the type of starch used be well characterized, and the colour intensities be calibrated for it. In our work we used soluble potato starch.
Accordingly, to reduce this problem, we suggest that the starch be well characterized and that only a β-amylose such as soluble potato starch be used. This ensures that the starch-iodine complex formed will have a single absorption maximum and thus a well-defined, reproducible colour. Although this will improve the kits, the problem due to the kinetics of this reaction and its pH dependence remains a major limitation to these simple kits.
Strong oxidizing agents interfere with the development of colour by oxidizing the added iodide to elemental iodine.
Field test apparatus
The field test apparatus consists of the following: » metal pan » two 100-ml plastic flasks containing the reaction solutions A and B » two disposable polyethylene transfer pipettes, capable of delivering 1 ml of solution » 10-ml plastic sampling vial » 50-ml plastic sampling vial » 0-50 ppm iodated salt colour standard chart (photograph), prepared by photographing a set of six standard salt tests and making colour-corrected photographs » sampling cap (1 ml) » sampling cap (9 ml)
Reagents
The reagents are prepared as follows: Working in a liquid medium reduces the problems due to uneven distribution of reagents. We tested the concept of dissolving a set volume of salt in a set volume of water in a flat-bottomed plastic or glass vessel, adding acid, potassium iodide, and starch, and observing the colour thus developed. It is relatively simple to Field tests for iodate control volumes, and therefore this test is reproducible. The exact amount of iodine released can be estimated from the colour of the solution.
Field test apparatus
The field test apparatus consists of the following: » 250-ml tall form plastic vial (glass optional) » two 100-ml plastic flasks containing the reaction solutions A and B » two disposable transfer pipettes, polyethylene, capable of delivering 3 ml of solution » 0-50 ppm iodated salt colour standard chart (photograph), prepared by photographing a set of six standard solutions and making colour-corrected photographs. » sampling cap (approximately 1 ml)
Reagents
The reagents are prepared as follows: 1. Solution A. Starch solution with KI-soluble potato starch (ACS grade, 3 g) is triturated with 10 ml of cold water and poured slowly, with constant stirring, into 100 ml of boiling water. To prevent spoilage, 400 mg of sodium benzoate is added to the solution. The mixture is boiled for about 2 min to obtain a non-viscous translucent fluid. Extensive boiling reduces the sensitivity of the test. The solution is allowed to cool, and the settled solids are removed by decanting and filtering the supernatant using Whatman No. 41 filter paper or the equivalent. Five grams of KI are added to the filtrate, and its pH is adjusted to 7.5 with 0.1% Na 2 CO 3 . 2. Solution B. The pH of 100 ml of distilled water is adjusted to 1.8 with 1% HCl.
Solution B is then mixed 1:1 with solution A.
Field procedure 1. One scoop (~1.8 g) of salt is added to the 250-ml tall form plastic (or glass) vial. (Salt must be granular, i.e., ground if necessary.) 2. With the disposable transfer pipettes, 3 ml of solution A and 3 ml of solution B are added. 3. The solution is thoroughly mixed with gentle swirling until a dark-blue colour develops (about 20 seconds). 4. If no colour develops, more solution B is added, to a maximum of 12 ml. 5. Local water, preferably de-aerated by boiling, is then added to the 250-ml mark and the solution is mixed. 6. After the air bubbles entrained by the mixing have cleared, the iodide concentration of the salt is determined by matching the colour of the solution with the colour standards.
Results
The sequence of steps was critical, since the pH at all stages of the process can influence the development of colour. At very low pH values, the starch blue devel-oped a pink tinge, whereas at high pH values, the development of colour was very slow. Therefore, adjustment of the pH of solution A under laboratory conditions must be done carefully. The effect of water quality available in the field could be compensated for by performing the test without adding a salt sample and measuring the background colour developed. A positive reading could be due to dissolved oxygen in the water. This effect may be reduced by using previously boiled water or may be corrected mathematically by subtracting the blank value from the measurement.
Because the salt is measured volumetrically, a large error in the weight of the salt sampled could be introduced if the salt was not finely granular or if it was very wet.
We found that some highly alkaline salt samples did not develop the blue colour, resulting in an underestimation of the iodine content. This was readily remedied by adding extra acid. In the test kit instructions, we allowed for this by suggesting that extra solution B be added prior to dilution. It could also be remedied by the use of a "recheck solution," but this may lead to a dilution error.
The performance of the kit was checked against the standard laboratory analysis on salt samples iodated to various levels. The results are presented in table 2. The test kits and the laboratory analyses corresponded very well, and the reproducibility of the kit readings was good in the laboratory.
Test validation
Field test kits for the liquid phase test were supplied to two participating laboratories: Dr. Nhari and T. Nyamandi, Government Analyst's Laboratory, Zimbabwe, and Dr. C.S. Pandav and Dr. M. Karmarkar, Regional Coordinator, ICCIDD, New Delhi, India. In all cases, six replicate analyses were performed, and the average and standard deviation were calculated. The results for coded salt samples from the University of Toronto laboratory are summarized in table 3.
The results indicate that the tests worked well within the target range of 0 to 50 µg of iodine per gram of salt. The developed colours were compared with a set of six colour standards set at intervals of 10 µg/g, and the observers interpolated between these intervals. Indeed, reproducible results within 5 µg/g were obtained when six measurements were averaged.
The results from India had a higher standard deviation than those from Zimbabwe. The titration results from India were not corrected for a blank reading for the un-iodated salt, probably because of an impurity in the Indian salt. Thus, the titration results were consistently high. The kits actually gave a more accurate result than their titration method without blank correction.
The kit results obtained in Toronto were closer to the laboratory measurements than those from the other two laboratories. There were two reasons for this discrepancy: the chart colours and sample degradation. Our laboratory could compare the observed colours with the colours of actual standards, not just with photographs of these standard solutions. We found that the quality of the colour charts was critical for the accurate determination of iodine content.
An error was introduced in the determination of iodine in salts prepared by another laboratory by the degradation of the sample during shipping. We found that iodated salts, especially unrefined local salts, lost iodine with time, and therefore the measured iodine content might have been actually different at the time of reading in the three participating laboratories. Despite these problems, the reproducibility of the results was acceptable.
There is no doubt that the liquid-phase test is more cumbersome, and in some applications the extra quantitative information may not be worth the increased cost and complexity. However, the proposed kits pro-vide an inexpensive and simple method of obtaining valid quantitative measures of iodine content useful for testing compliance to regulations and recommendations, safety, and iodine stability in the field.
Conclusions and recommendations
The existing field tests for iodate are small and simple to use, and they readily detect iodate in salt at levels above 5 µg/g. These tests were found to be quantitative only at low levels of iodine, i.e., 5 to 20 µg/g. The range of the tests may be extended by diluting the salt sample with another iodine-free solid of similar colour and texture, such as salt, sand, or flour, but this makes the kits more bulky. The reproducibility of the kit results may be improved by standardizing the starch indicator used and by controlling the pH of the system with an appropriate buffer system.
The liquid-phase colour development gave reproducible results in the range of 0 to 50 µg of iodine per gram of salt. This range can be readily extended to 100 µg/g by dilution. The test results are based on a volumetric measure of solid salt. Because large errors can be introduced by salts of large particle size that do not pack well into the sampling thimble, this type of salt should be ground. The liquid-phase system adds significant complexity to the field test kit for iodate. However, the improved range, accuracy, and precision of these tests justify its use in field situations, where a qualitative determination is inadequate and a laboratory with trained personnel is unavailable.
A more extensive round of inter-laboratory and field tests would be useful before making the kit commercially available.
